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Androgenesis is a form of quasi-sexual reproduction in which a male is the sole
source of the nuclear genetic material in the embryo. Two types of andro-
genesis occur in nature. Under the first type, females produce eggs without
a nucleus and the embryo develops from the male gamete following fertiliza-
tion. Evolution of this type of androgenesis is poorly understood as the parent
responsible for androgenesis (the mother) gains no benefit from it. Ultimate
factors driving the evolution of the second type of androgenesis are better
understood. In this case, a zygote is formed between a male and a female
gamete, but the female genome is eliminated. When rare, androgenesis with
genome elimination is favoured because an androgenesis-determining allele
has twice the reproductive success of an allele that determines sexual repro-
duction. Paradoxically, except in hermaphrodites, a successful androgenetic
strain can drive such a male-biased sex ratio that the population goes extinct.
This likely explains why androgenesis with genome elimination appears to be
rarer than androgenesis via non-nucleate eggs, although both forms are either
very rare or remain largely undetected in nature. Nonetheless, some highly
invasive species including ants and freshwater clams are androgenetic, for
reasons that are largely unexplained.

This article is part of the themed issue “Weird sex: the underappreciated
diversity of sexual reproduction’.

1. Introduction

Androgenesis is a genuinely weird form of quasi-sexual reproduction of some
eukaryote species in which a male’s gamete develops to produce a new male, a
clone or sub-clone of his father. In its original definition, androgenesis referred
to when a sperm or pollen nucleus fuses with an egg nucleus, but the nuclear
genome of the mother is eliminated by the paternal genome (figure 1) [1].
Alternative mechanisms of androgenesis are, however, recognized [2], particu-
larly the development of an embryo from a male gamete in an egg that lacks a
maternal nucleus (see §2; figure 1). When such a ‘non-nucleate’ egg is fertilized
by sperm or by pollen it develops into an offspring whose entire nuclear
genome is of paternal origin. Both types of androgenesis (with and without self-
ish elimination of the female genome driven by the male) require diploidization
of the paternal genome, or the ability of the gamete to develop and survive as a
haploid male. As we explain in the following sections, whether and how diploid-
ization occurs, and under which form of sex determination, greatly affects the
predicted fate of androgenetic lineages.

While androgenesis is rare in nature, it is ‘normal’ in some natural popu-
lations, including clams of the genus Corbicula [3-5], a conifer [6-8], a few ants
[9-12] and stick insects [13-16], and most likely an Australian carp gudgeon
[17] (table 1). Androgenesis is also seen sporadically in some species, particularly
hymenopterans (ants, bees and wasps), and in some monocots, dicots and gym-
nosperms (table 1). Interestingly, androgenesis appears to be overrepresented
among taxa that feature other unusual forms of reproduction such as hybrido-
genesis (elimination of a parental genome, usually the paternal one, from the
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Figure 1. Different forms of androgenesis.

germline) and parthenogenesis (asexual reproduction by
females). Natural androgenesis is also commonly associated
with inter-species hybridization. Finally, androgenesis can be
induced artificially under laboratory settings, and is used in
plant, fish and silkworm breeding to propagate desirable
genotypes and to develop mono-sexual populations.

A form of incomplete androgenesis occurs rarely but
spontaneously in some haplo-diploid insects. Some individ-
uals, known as gynandromorphs, are mosaics of diploid
female tissue (arising from the zygote) and haploid male
tissue (arising from the division of a secondary sperm cell)
(figure 1) [41,42]. As discussed in §3, androgenesis in mosaics
may be mechanistically linked to androgenesis sensu stricto
and could function as a first step towards androgenesis.

In this review, we examine the fascinatingly weird
phenomenon of androgenesis. We survey the distribution of
androgenesis in nature and explore the kinds of conditions
that favour and constrain its emergence. We then speculate
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about why natural androgenesis is often associated with inter-
specific hybridization. We conclude with a discussion of the
role of androgenesis in the generation of invasive species,
and conversely, how we might use androgenesis to promote
conservation efforts.

2. Androgenesis sensu stricto

(a) The conifer Cupressus dupreziana

Cupressus dupreziana is a very rare, hermaphroditic conifer that
occurs only in the mountains of the Tassili N’Ajjer desert, in the
Algerian Sahara [18]. Androgenesis is its sole form of reproduc-
tion, with diploid pollen providing all nuclear genes for the
diploid offspring [6-8]. Because C. dupreziana also features
paternal inheritance of mitochondria and chloroplasts (as do all
species in the subfamily Cupressoideae), the reproductive
system of C. dupreziana comes closest to the term ‘male
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Table 1. (Continued.)
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asexuality’, which is sometimes used synonymously for andro-
genesis. The case of C. dupreziana is frequently cited as the prime
example of selfish maternal genome elimination by males (e.g.
[43,44]). However, androgenesis in C. dupreziana does not
involve genome elimination. Instead, ovules are non-nucleate:
they do not have a nucleus but only the tissues that eventually
give rise to the endosperm (the nutritious tissue of the seed)
and other components of the future seed [6,19]. The embryo
itself, including mitochondria and chloroplasts, is entirely
derived from diploid pollen. How such diploid pollen is pro-
duced (i.e. meiotically or ameiotically) remains unknown [7].

Unless C. dupreziana mostly self-fertilize, it is puzzling
that these hermaphroditic trees continue to produce seeds,
since no genes (nuclear or cytoplasmic) are contributed to
future generations via seeds. Seeds are a resource shared at
the population level that can be exploited by other individ-
uals. Trees with reduced investment in ovules should be
favoured, which should eventually lead to the extinction of
the species (see §5). Consistent with this view, seed pro-
duction in C. dupreziana is greatly reduced relative to other
conifers. The majority of seeds produced by C. dupreziana
are empty, only 20% contain an endosperm, and only half
of the functional seeds contain an embryo [19]. Unfortu-
nately, many aspects of the biology of C. dupreziana remain
unknown, including, for example, why and how solely
non-nucleate ovules are produced and whether the species
is generally selfing or outcrossing.

One phenomenon that may contribute to the (at least tran-
sient) persistence of androgenesis in C. dupreziana is that
C. dupreziana pollen can use other species as seed hosts [43].
For example, C. dupreziana can produce androgenetic offspring
by pollinating ovules of the related species C. sempervirens,
suggesting that C. sempervirens also produces a significant frac-
tion of non-nucleate ovules, or that C. dupreziana is able to
eliminate the C. sempervirens genome from the ovule [20,43].
Cupressus sempervirens can also generate haploid and diploid
androgenetic offspring from C. dupreziana ovules [6], although
C. sempervirens is only a spontaneous androgen and it remains
unknown how offspring diploidy is restored in this case—
C. sempervirens produces only haploid pollen [6].

(b) Clams of the genus Corbicula
Corbicula is a genus of freshwater clams and comprises a mix-
ture of hermaphrodite species and species with separate male
and female sexes [21,45]. Within the current (and largely unre-
solved) taxonomy, at least four morphologically distinct,
hermaphroditic species reproduce via androgenesis. For two
of the four species (C. leana and C. fluminea), androgenesis
was identified through cytological examination of fertilization
events [3-5]. For two additional species (C. australis and
C. fluminalis), androgenesis is inferred from the observation
of extremely low genetic diversity, polyploidy and biflagellate
sperm (a presumed biomarker of androgenesis [46]).

The mechanisms behind androgenetic reproduction in
C. leana and C. fluminea are well characterized and have been
reviewed several times [2,47 48]. After fertilization by a diploid
(or polyploid) sperm, the maternal nuclear genome is elim-
inated from the oocyte via two polar bodies [3-5] so that the
only maternal genetic material retained resides in the mito-
chondria. The diploid or polyploid sperm have the same
DNA content as somatic cells and presumably arise by an
ameiotic process, the details of which are unknown [22].
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Most androgenetically produced offspring are derived from
self-fertilization, but outcrossing occurs at least occasionally
[49]. Outcrossing occurs not only between individuals within
a species. Eggs of other species can also be parasitized, a strat-
egy that is especially efficient in androgens with widespread
geographical distributions [23,50]. Androgenetic parasitism
of other species does not always result in complete maternal
genome elimination. Indeed, partial retention of different
maternal genomes is likely to have contributed to the consider-
able genetic divergence between androgenetic strains and
species [2,24,48]. In the most extreme case, maternal genome
elimination fails completely and the haploid maternal nucleus
fuses with the diploid sperm, resulting in polyploid strains [25].

The number of independent origins of androgenesis in
Corbicula is unclear. Reliable phylogenetic inference is diffi-
cult given that multiple introgression events can generate
polyphyletic gene trees for androgenetic strains that actually
share a single origin [24,48].

(c) Androgenetic ants

Androgenesis has evolved independently in at least three ant
species: Wasmannia auropunctata (the little fire ant) [9], Vollenho-
via emeryi [10,11] and Paratrechina longicornis (the longhorn
crazy ant) [12]. In all these species, sterile workers are produced
via normal sexual reproduction involving queens and males.
Daughter queens are produced via thelytokous partheno-
genesis and are clones or sub-clones of their mothers, while
males are produced androgenetically and are genetically
identical to their fathers. The production of queens via par-
thenogenesis, workers via sex and males via androgenesis
is obligate in at least some populations. This bizarre form of
reproduction means that the queen and male lineages diverge
genetically over time, as the only sexually produced individuals
(workers) do not reproduce.

The mechanisms underlying androgenesis in these ant
species are unknown. It is possible that sexual reproduction
between queens and males (which usually generates workers)
generates males if the queen’s genome is successfully elimin-
ated from the eggs [9]. Alternatively, it has been suggested
that queens of at least one species (W. auropunctata) produce
a small proportion of eggs that are non-nucleate (similar to
the mechanism in Cupressus), and that these non-nucleate
eggs give rise to androgenetic males if fertilized by sperm
[51]. Given that queens of most ant species are highly fecund,
the costs of producing non-nucleate eggs may be negligible if
their number is low. It may even be possible that queens
have control over the number of non-nucleate eggs that they
lay, and adjust the number according to colony need, but
there are currently no data available to test these hypotheses.

Ants, like all Hymenoptera, are characterized by haplo-
diploid sex determination, where males develop from haploid
(unfertilized) eggs and females from diploid (fertilized) ones.
Therefore, androgenesis in ants does not require a mechanism
to generate a diploid genome from a usually haploid sperm; an
egg comprising a haploid genome will automatically develop
into a male. Haplo-diploidy, therefore, provides an exaptation
that increases the likelihood that androgenesis will emerge (see
also §5).

(d) Androgenetic stick insects
A genus of Mediterranean stick insects (Bacillus spp.) is charac-
terized by several unusual reproductive modes, one of which is

androgenesis (reviewed in [52]). In Sicily, different hybridiz- [ 5 |

ation events between females of the species B. rossius and
males of the species B. grandii gave rise to several F; hybrid
lineages consisting almost exclusively of females (the few
males that occur in natural populations are sterile). Genetic
and cytological analyses have revealed that the typical repro-
ductive mode of these females is hybridogenesis [13—-16]. The
paternal B. grandii genome is eliminated from the oocytes of
F; hybrid females, so that only the maternal B. rossius
genome is transmitted to the next generation. The hybrid
females then mate with sympatric B. grandii males, which
restores the F; hybrid ancestry in their offspring.

In addition to the elimination of the paternal genome from
all oocytes, the maternal genome is eliminated in up to 20% of
a hybrid female’s eggs, resulting in non-nucleate eggs [14]. It
is not known whether the elimination (or inactivation) of the
maternal genome is controlled by the sperm, or whether it
may happen accidentally as a consequence of an imperfect
mechanism underlying the elimination of the paternal
genome. If a non-nucleate egg is fertilized, it can develop into
a diploid progeny comprising solely the genome of the B. grandii
father. If a single sperm fertilizes a non-nucleate egg, the sperm
can undergo duplication and generate a diploid but fully
homozygous zygote. At least a subset of these homozygous
individuals successfully reproduce under laboratory con-
ditions, but their viability in natural populations is unknown.
However, because stick insects are polyspermic (multiple sper-
matozoa enter every egg [53]), it is common for two sperm cells
to fuse in a non-nucleate egg and give rise to a heterozygous
diploid zygote [13,14].

Because stick insects are male heterogametic, the fusion of
two sperm cells can generate either a female or male androgen-
etic offspring. The production of both sexes via androgenesis
facilitates the persistence of androgenesis over evolutionary
timescales; females do not disappear from androgenetic
populations. Both males and females that are produced via
androgenesis carry a diploid B. grandii genome and reproduce
via normal sexual reproduction with other B. grandii individ-
uals. The only difference between androgenetically produced
B. grandii individuals and individuals from the normal
B. grandii sexual population is that the former carry mitochon-
dria from the species A. rossius instead of B. grandii. In natural
populations, individuals with a complete B. grandii nuclear
genome and a mitochondrial A. rossius genome are rare [26],
suggesting that androgenetic reproduction is only sporadic
in Bacillus.

Based on karyotype and genotype data from field-caught
insects, similar forms of androgenesis may occur in the stick
insect genera Leptynia and Clonopsis [54-56]. These suggestions
remain speculative, as there are no data available (e.g. from
crosses) that confirm androgenetic reproduction in these taxa.

(e) Carp gudgeons of the genus Hypseleotris

There are three distinct, co-occurring carp gudgeon lineages in
the Murray River in South Australia [17,27]. One of the lineages
consists almost exclusively of males, suggesting some form of
asexual reproduction by males [17]. Detailed analyses of geno-
types suggest that the male lineage most likely reproduces via
hybridogenesis [17,27]. Males most likely eliminate their
maternal genome during spermatogenesis and mate with
females of a co-occurring sexual lineage. The paternal haploid
male genome is thus clonally transmitted between generations.
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There are two differences between male hybridogenesis and
androgenesis. The first is that under hybridogenesis, males are
not clones or sub-clones of their father because hybridogenetic
males develop from fertilized eggs. These eggs comprise the
clonally transmitted paternal genome and a sexual (i.e. variable)
maternal genome. The second difference is the type of genome
elimination. Under androgenesis there is either no genome elim-
ination (in the case of non-nucleate eggs) or the maternal genome
is eliminated upon fertilization. Under male hybridogenesis, the
maternal genome is eliminated during spermatogenesis in the
male gametes, but the maternal genome present in the egg is
maintained. Despite these differences, the carp gudgeon
example is included here as androgenesis and hybridogenesis
are clearly related forms of reproduction given the asexual trans-
mission of the paternal genome and the occurrence of genome
elimination in some cases.

Interestingly, there is also a female-only carp gudgeon
lineage that most likely also reproduces via hybridogenesis
[17]. Females of this lineage eliminate the paternal genome
during oogenesis and clonally transmit the haploid maternal
genome, similar to female hybridogenesis in Bacillus stick
insects (see §2d). Eggs are then fertilized via matings with
the same sexual lineage whose eggs are parasitized by the
hybridogenetic males.

Hybridogenesis by males and females in gudgeons remains
to be confirmed via controlled crosses combined with genetic
analyses of offspring. It will be interesting to see whether
genome elimination of the male and female genomes occurs
via the same or similar mechanisms. A common mechanism
seems likely as hybridogenesis by both males and females
suggests that the genetic factors controlling hybridogenesis
introgressed from one genome into the other. Such introgres-
sion may be ongoing, as F, hybrids between the male and
female hybridogens are observed at low frequency [17]. These
‘hybrids of hybridogens” are mostly, though not exclusively,
female, but their mode of reproduction remains unknown [17].

(f) Spontaneous androgenesis in Apis mellifera and

Venturia canescens

Koeniger et al. [28] identified three honeybee (Apis mellifera)
queens from a population of 60 that produced gynandro-
morph (see Glossary and §3) offspring at high frequency
(13-67%). In addition to their tendency to produce gynandro-
morphs, these queens were homozygous for a mutation,
cordovan, which causes a reddish-brown body colour. A small
number of males produced by these queens showed no evi-
dence of female tissue (i.e. they were not cordovan in whole
or part) and were uniformly black. Koeniger ef al. concluded
that these black males had developed from sperm nuclei via
androgenesis. The possibility that the males had been laid by
workers was excluded because after the queens were fostered
into colonies of yellow workers they again produced some
black males.

Spontaneous androgenesis also occurs in another haplo-
diploid insect, the parasitoid wasp Venturia canescens. Scheider
et al. [29] mated thelytokous females to males of a sexual strain
to determine whether thelytokously produced eggs retain the
ability to incorporate a paternal genome. In 70% of crosses,
all offspring were females that did not carry any paternal
alleles, as expected given thelytoky in their mothers [29]. In
the remaining crosses, 16% of offspring carried paternal alleles
indicating that some ‘thelytokous’” females were capable of

fertilizing their eggs. The same pattern is seen in Cape honey- [ 6 |

bee queens [57], although in the vast majority of thelytokous
species females are unable to fertilize their eggs [58]. Interest-
ingly, two offspring produced by mated thelytokous female
wasps were male, carrying solely paternal alleles. Although
Schneider et al. had no explanation for this finding, we specu-
late that these androgenetic males developed because the
thelytokous females lay a small proportion of non-nucleate
eggs that can develop into males carrying the paternal
genome if successfully fertilized. Alternatively, Venturia may
represent a case of spontaneous, male-mediated maternal
genome elimination.

These remarkable findings serve to show that androgenesis
can occur spontaneously, at least in haplo-diploid species. Such
spontaneous cases could be co-opted into androgenesis sensu
stricto, as described above, provided that there is genetic vari-
ation for the rate of spontaneous androgenesis among
individuals. This would require the production of non-nucleate
eggs at high frequency or maternal genome elimination
by males.

(g) Spontaneous androgenesis in flowering plants
Several cases of spontaneous androgenesis are known from
plants. In the majority of botanical cases, the androgenetically
produced offspring are haploid, even though species that feature
spontaneous androgenesis are typically diploid (reviewed in
[30]). Thus, there is generally no male genome duplication
associated with spontaneous androgenesis in plants, although
exceptions exist as, for example, in C. sempervirens as described
above (§2a). Furthermore, few cases are known where haploid
pollen cells duplicate and give rise to diploid offspring that are
completely homozygous (e.g. in maize, Zea mays [37]). The fre-
quency of spontaneous production of haploid (or rarely
diploid), androgenetic offspring is typically low, ranging from
0.04% in Nicotiana tabacum (tobacco) to 0.0005-0.001% in
maize [31,38,39].

In plants, spontaneous haploid androgenesis is often
associated with inter-population or interspecific hybridization.
For example, androgenetic offspring are produced by several
hybrids of Capsicum frutescens (pepper) [59], crosses between
widely divergent strains of Cicer arietinum (chick pea) [60]
and Brassica napus (oilseed rape) [61] and by interspecific
Nicotiniana hybrids: N. digluta x N. tabacum [32], N. tabacum x
N. langsdorfii [33], N. glutinosa x N. repanda [34] and
N. sylvestris x N. tabacum [35]. We speculate that hybrid
individuals produce androgenetic offspring because genetic
divergence between genomic regions greatly reduces the
local rate of recombination [62]. As a consequence, genome
divergence between parental genomes in F; hybrid females
may impair meiosis and lead to a higher proportion of non-
nucleate eggs than in non-hybrid females—a situation ripe
for the androgenetic development of a pollen cell.

3. Androgenesis in gynandromorphs and other
MOsaics

Gynandromorphy (mosaics of male and female tissue in one
organism) can arise as an incomplete form of androgenesis. In
Hymenoptera, gynandromorphy sometimes arises as a conse-
quence of polyspermy [42]. That is, an egg is fertilized by a
sperm, giving rise to female tissue. The male tissue arises
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from division of a second (or perhaps more) sperm cell(s) so that
part of the embryo derives from the zygote, and is therefore
diploid and female, whereas other parts derive from a second
sperm and are haploid and male [63,64]. Clearly, the male
tissue is androgenetic [63], though this is not usually of evo-
lutionary consequence as such individuals are unlikely to
reproduce. Nevertheless, if gynandromorphy goes ‘all the
way’, as it were, then we would have a case of androgenesis.
It is, therefore, appropriate to consider species where gynandro-
morphy occurs spontaneously and at high frequency as a
possible evolutionary route to androgenesis, and to explore
the factors that increase the frequency of gynandromorphy [65].

Although factors increasing gynandromorphy are poorly
understood, new insights could be developed from compara-
tive studies as gynandromorphs are regularly reported across
a broad range of Hymenoptera, including bees (e.g. [66-72]),
wasps (e.g. [73-78]) and more than 40 ant species (e.g.
[65,79-81]). These cases do not include a further variant of
mosaic androgenesis that arises in honeybees when two
sperm pronuclei fuse within an egg [82]. In these individuals,
some female tissue is derived from the zygote (the union of
an egg and sperm pronucleus), whereas other female tissue
is derived from the union of two accessory sperm cells.

Gynandromorphs are also reported in fish (e.g. [83]), lepi-
dopterans (e.g. [84]), birds (e.g. [85]) and flies [86], but the
male tissue in these creatures does not arise androgenetically,
but from the zygote, with errors in the expression of sex
determining genes. Gynandromorphy of this kind does not
provide an easy evolutionary route to androgenesis and is
not further discussed here.

4. Artificial induction of androgenesis

(a) Induction of androgenesis in fishes

Androgenesis (and gynogenesis) can be artificially induced in
some fishes that have external fertilization [87]. Such artificial
androgenesis is used in aquaculture to produce clonal
lineages featuring commercially interesting traits. Briefly,
eggs or sperm are irradiated to fragment DNA and render
the gamete non-nucleate. Next, the treated gamete is fused
with an egg or sperm to produce a haploid embryo. Diploidy
is then restored by heat or pressure shock during the first
mitotic division, which induces the mitotic products to fuse
and generate a diploid and fully homozygous individual
[87]. In salmonids, approximately 30% of eggs so treated
result in viable diploid offspring [88].

(b) Induction of androgenesis in plants
In plant breeding it is often desirable to obtain inbred lines that
are then outcrossed to produce hybrids for farmers’ fields.
Creation of inbred lines by repeated backcrossing or selfing is
tedious, so induction of androgenesis and the production of
doubled haploids can provide a welcomed shortcut [36].
Androgenesis can sometimes be induced in vivo via
irradiation or temperature-shock treatments in plants (e.g. in
Crepis tectorum [89] and Antirrhinum majus [90], cited in [30]).
More often, androgenesis is induced in vitro via a process
known as anther culture (reviewed in [91]). The process
begins by pre-treating anthers with cold or heat shock to help
initiate mitotic cell division, followed by removal of the micro-
spores (immature pollen cells) so treated, and culture of the

microspores on synthetic media. Diploidization often occurs
spontaneously due to abnormal mitosis in the callus that
forms in the media from each microspore [91]. Artificial andro-
genesis requires induction of the developmental switch from
the gametophytic to the saprophytic developmental pathway.

5. The rise and fall of new androgenetic lineages

(a) Androgenesis is transient for most systems with
genome elimination

Theory predicts that androgenesis with genome elimination is
likely to be transient over evolutionary time. McKone & Halpern
[47] modelled the invasion of an allele causing androgenesis via
maternal genome elimination under various scenarios. When
rare, an androgenesis-causing allele is expected to spread in a
population of gonochorists (separate male and female sexes)
because a male carrying such an allele produces offspring that
carry twice the number of paternal alleles relative to the off-
spring of a male that does not carry the androgenesis-causing
allele. Under most circumstances, androgenesis-causing alleles
can spread in a population even if they are detrimental to
female function. When androgenesis-causing alleles reach
high frequencies, egg hosts become a limiting resource because
most individuals in the androgenetic population are male. If
androgenesis drives extinction of females in a population,
then the population itself will go extinct.

In contrast with gonochorists, androgenesis in hermaphro-
dites may persist at least over ecological time frames [47].
Indeed, the spread of androgenesis-causing alleles will not
necessarily lead to extinction in hermaphrodites because all indi-
viduals carry a female function. There may be selection for
reallocation of resources from female to male functions but the
female function is less likely to be completely lost in hermaphro-
dites than in species with separate sexes. The hermaphrodite clam
Corbicula (§2b), for example, is invasive worldwide, suggesting
that the cost to female function imposed by androgenesis is low.

Rapid extinction of new androgenetic lines in gonochorists
is most likely part of the reason why androgenesis is rare in
nature. It may arise from time to time, but when it does, it
goes to fixation and drives extinction. Unfortunately, the fre-
quency of androgenesis cannot be estimated from the few
known cases described here. Detection of rare or spontaneous
androgenesis requires laboratory crosses and detailed gen-
etic analyses that have simply not been done in the vast
majority of species. Furthermore, genotype patterns indicative
of androgenesis may often be misinterpreted or discarded as
‘technical errors’.

There is currently no theoretical framework for population
dynamics of androgenesis from non-nucleate oocytes (i.e. with-
out male-controlled genome elimination). Although male
alleles also benefit from increased transmission rates under
androgenesis with non-nucleate oocytes, this form of andro-
genesis cannot occur at high frequencies because it is not
caused by alleles expressed in males. Females that produce
non-nucleate eggs may spread in a population via drift or if
there is a (currently unknown) benefit associated with the pro-
duction of such eggs. However, this will only happen while the
proportion of non-nucleate eggs remains low (or the costs for
females will be too high). As a consequence, systems relying
on non-nucleate oocyte production are less likely to go extinct
than androgenesis systems with genome elimination.
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Indeed, the production of non-nucleate oocytes has to
be regulated by alleles expressed in females. Because such
expression reduces female fitness, androgenesis via non-
nucleate eggs should usually be maladaptive. Cases of
spontaneous androgenesis would thus represent accidental
meiotic errors during oocyte production. This idea is sup-
ported by the observation that androgenesis (and especially
spontaneous cases) are more common in hybrids (table 1)
where meiotic errors are expected to be more frequent because
genetic divergence causes problems during homologous
recombination [62]. Even if maladaptive, there may be segre-
gating genetic variation for the proportion of non-nucleate
eggs females produce. If this is the case, then we predict that
spontaneous androgenesis should be more frequent in highly
fecund species, as the costs associated with the production of
a small number of non-nucleate eggs would be low.

One could also imagine a scenario where the production of
non-nucleate ovules is a trait that evolved after androgenesis
with genome elimination has become fixed. For example, in
the hermaphrodite conifer C. dupreziana, where androgenesis
arises from the production of non-nucleate ovules, it is difficult
to see how such a system can reach fixation and persist. No
alleles are transmitted via non-nucleate ovules; hence invest-
ment in such ovules should be reduced and a reallocation of
resources to the male function favoured, leading to loss
of female function. A possible scenario of androgenesis in
C. dupreziana is that androgenesis at its origin would have
involved genome elimination. If individuals are largely selfing,
the production of non-nucleate ovules may endure fewer costs
than genome elimination in virtually all ovules. As such, non-
nucleate ovule production would have followed the evolution
and fixation of androgenesis via genome elimination.

(b) Interaction between androgenesis and sex
determination systems in species with
separate sexes

For androgenesis from non-nucleate oocytes/ovules, we do
not expect differences in the types of sex determination to
strongly affect the spread and persistence of androgenesis.
By contrast, the sex determination system has a strong
effect on the spread and fate of androgenesis with genome
elimination. As we saw in §5a, in diploid species with separ-
ate sexes, alleles that cause androgenesis with genome
elimination can spread even if there is a cost to females
[47]. The fate of such species depends on how diploidy is
restored in offspring without the contribution from females.
If androgenetic offspring are diploid because males produce
diploid gametes without meiosis, all offspring of males are
male. This will rapidly drive extinction of the population
due to a lack of females to produce eggs [47]. As expected,
androgenesis of this form is unknown from natural systems.

If androgenetic offspring are diploid because two sperm
cells fuse or because a single sperm cell duplicates, androgen-
esis is more likely to be maintained, at least in species with male
heterogamety (XX females and XY or XO males). When
diploidy arises via doubling of meiotic products, males will
only have female (XX) offspring because YY or OO offspring
are inviable. This greatly reduces or eliminates the likelihood
that androgenesis-causing alleles can invade, and reduces the
likelihood of extinction [47]. When diploidy arises via fusion
of two meiotic products, androgenetic males produce one-

third (XX) female offspring. The expected proportion of n

female offspring is one-third because there are three possible
random fusions between meiotic products of heterogametic
males: one-fourth XX, half XY and one-fourth non-viable YY
(or OO). Nonetheless, when androgenesis is fixed, females
become very rare and the overall reproductive output of the
population is decreased to 5% of that of its ancestral sexual
population [47]. Under most situations such a population
would also go extinct, but more slowly than under the mitotic
production of diploid sperm. This type of scenario (fusion or
duplication of sperm cells and androgenetic production of
sons and daughters) is currently only known in Bacillus stick
insects where it is unknown whether androgenesis stems
from genome elimination or from the production of non-
nucleate oocytes. If Bacillus androgenesis proves to be a case
of genome elimination, it is possible that it has been maintain-
ed thus far because it occurs in hybridogenetic females that
feature selfish elimination of the male genome. Male genome
elimination will reduce or impede the spread of genome
elimination alleles expressed in males.

McKone & Halpern [47] did not develop their fitness func-
tions for haplo-diploid species. It also remains undetermined
whether the known androgenic ant species (see §2c) would
be relevant to the spread of selfish male genes considered
by McKone and Halpern, as the ant examples may involve
production of non-nucleate oocytes rather than genome elimin-
ation. Independently of the androgenesis mechanism in the
ants, androgenesis is more widespread among haplo-diploids
relative to species with other sex determination mechanisms
(five out of eight gonochorist species in table 1 are haplo-
diploid), suggesting that the costs of androgenesis may be
less in haplo-diploids than in diploid species, and/or that
there may be fewer developmental/genetic constraints
hampering the emergence of new androgenetic lines in
haplo-diploids. Haplo-diploidy acts as an exaptation for the
evolution of androgenesis because males develop from a hap-
loid, unfertilized egg. The implications are that no novel
mechanisms for generating a diploid offspring from haploid
sperm are needed for androgenesis to evolve in haplo-diploids.
Normally the egg nucleus is maternally derived, but if there is
no intrinsic reason why a sperm pronucleus should not divide
and produce a male, then this explains why androgenesis (and
gynadromorphy) is more common in haplo-diploids than it is
in diploid species.

() Other constraints on androgenesis

As we have seen, under most scenarios androgenesis will
spread to fixation in species with separate sexes, but this will
then drive extinction. This most likely explains the rarity of
androgenesis in nature. However, there are other important
reasons why androgenesis is rare among multicellular species.
These reasons share some of the genetic and developmental con-
straints that hamper the evolution of thelytoky from sexual
ancestors in species with separate sexes (reviewed in [92]).

The ability to survive as a haploid, or the ability to gener-
ate diploid genomes from normally haploid sperm may be an
important constraint that prevents the emergence of new
androgenetic lineages. Even if a diploid offspring can be gen-
erated from haploid sperm, the offspring will suffer from
inbreeding depression in many cases. Notably, if diploidy
is restored by sperm duplication, offspring will be fully
homozygous. Restoration of diploidy via fusion of different
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sperm cells of the same father also results in a loss of
heterozygosity and expression of recessive deleterious alleles.

Another constraint may stem from genomic imprinting.
Genomic imprinting is a well-established phenomenon in
which genes are modified according to the sex of the individual
producing the gamete [93,94]. That is, a gene inherited from a
female will differ epigenetically from the same gene inherited
from a male. Although the DNA sequence itself is the same,
heritable epigenetic modifications to DNA result in changes
in gene expression in offspring, depending on whether the
allele was inherited from the mother or the father (e.g.
[93,94]). In species where sex-specific epigenetic modifications
are standard (e.g. mammals [95]), androgenesis could be
lethal because a zygote formed from the union of two male
gametes or two female gametes is non-viable [92,96]. The
same argument has been proposed to constrain the evolution
of parthenogenesis; two copies of the maternal genome may
result in non-balanced gene expression in zygotes [97].

How the various genetic and developmental constraints to
androgenesis are overcome are poorly understood because so
little is known about the genetic changes required for the initial
emergence of new androgenetic lines. In laboratory strains of
Drosophila, mutations in oocyte—early-embryo-specific a-tubulin
can result in haploid embryos because the maternal pronucleus
fails to fuse with the paternal pronucleus. The paternal pronu-
cleus then divides to produce a haploid androgenetic embryo
[40]. Diploidy can be restored by fusion of two haploid
nuclei or by non-disjunction [40]. Diploidization is enhanced
in Drosophila by a second mutation Nonclaret disjuctional [40].
In combination, these two mutations induce classic androgen-
esis: loss of the maternal genome, and diploidization of the
paternal genome. Whether these two mutations are present
in natural populations remains unknown.

6. Androgenesis and conservation

Success with androgenetic cloning of fishes has led to calls for
the use of these technologies in fish conservation [98,99]. In par-
ticular, in salmonids it is often possible to fertilize eggs with
heterospecific sperm. Incubation of the milt with CaCl, or ethyl-
ene glycol increases the frequency of polyspermy. The F; hybrid
embryo fails to develop, but secondary sperm may fuse and
reconstitute the father(s), especially after cold shock [100].
There has been some success with this technique with sperm
harvested from cadavers (e.g. [101,102]), and one could imagine
that in an emergency situation one might clone an endangered
species in the eggs of a common farmed one [103].

Another potential application is in biological control.
A proposal to introduce an exotic fish species, for example,
for control of an aquatic weed, needs careful evaluation of the
likely ecological consequences. The trouble is, after the fish is
introduced, it may be impossible to eradicate it should its intro-
duction have unforeseen adverse consequences. Stanley et al.
[104] proposed that an androgenetic or gynogenetic single-sex
population might be used to test the waters, so to speak, with
little chance of a feral population becoming established. We
are unaware of any application of this intriguing idea.

In plants, it is possible to produce sterile haploids via pollen
culture [91]. One might imagine situations where it is desirable
to keep a plant lineage permanently sterile because it has
been genetically engineered to produce a toxin, drug or
other bioactive compound. If so, haploid lines produced by
microspore embryogenesis could prove useful.

Plant conservation increasingly relies on long-term storage [ 9 |

of germplasm, with consequent need for large, temperature-
controlled facilities, with regular turnover of seeds. Such seed
banks are expensive to maintain. Storage of pollen, as an
alternative to seeds, may offer a cost-saving solution [105,106].
However, to be successful it will be necessary to develop utterly
reliable tissue culture techniques so that entire plants can be
regenerated from pollen—via androgenesis.

7. Androgenesis and invasiveness

At first sight androgenesis seems like an inefficient mode of
reproduction that should be outcompeted by normal thelytok-
ous parthenogenesis or sexual reproduction. From a genetic
point of view androgenesis is form of asexual reproduction.
Yet its ecological costs are similar to normal sexual reproduc-
tion. Like a sexual species, an androgenetic species must pay
the costs of finding appropriate partners and bringing fertil-
ization about. Mating is often associated with increased risk
of predation and exposure to pathogens, including sexually
transmitted diseases [107]. Further, it is impossible for gono-
chorist androgenetic species to colonize empty or new
niches since they need to co-occur with the sexual species
that is exploited as an egg source. Despite these ecological
costs, several androgenetic species are highly successful and
have become invasive across large parts of the globe.

Corbicula clams originate from Asia, Australia, Africa and
the Middle East where both sexual and androgenetic strains
occur. By contrast, in areas where they are invasive in North
America and Europe, the populations are exclusively andro-
genetic [2,108,109]. Invasive strains of the ant W. auropunctata
are also androgenetic, while some native populations are
sexual [110,111]. Androgenetic strains of the ants P. longicornis
and V. emeryi are spreading to new areas [112,113], but it is
not known whether sexual reproduction occurs in native
populations.

These examples suggest that androgenesis can be beneficial
to invasive populations but be disfavoured in native popu-
lations. A possible benefit of androgenesis in invasive
populations is that some forms of androgenesis reduce or elim-
inate inbreeding [12]. Invasive populations typically derive
from very few individuals. Inbreeding among these individ-
uals can lead to inbreeding depression and may constrain the
establishment of the invasive population.

In invasive populations of Corbicula, offspring are derived
from diploid sperm that are produced ameiotically (table 1).
This means that there is no loss of heterozygosity between
generations, and therefore, no inbreeding depression. Hetero-
zygosity is also maintained in the three androgenetic ants.
Because there is no gene flow between queens and males, the
sexually produced workers are always highly heterozygous
[9,10,12]. Heterozygosity is maintained in queens via a type
of parthenogenesis that is functionally ameiotic [114], and
males are haploid in both sexual and androgenetic populations.

8. Does androgenesis arise as a consequence of
inter-sexual competition?

In the little fire ant, W. auropunctata, workers arise sexually,
queens arise by thelytoky, and males arise androgenetically
[9,11,51]. It is tempting to regard this situation as a classic evol-
utionary arms race in which males retaliate against the absence
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of their genomes in queen-destined embryos by androgenesis.
However, a more nuanced consideration of this system
suggests that androgenesis is controlled by females, which
most likely lay a small number of non-nucleate eggs [111]. In
a population where all queens are produced clonally, and no
males are produced, daughter queens have no mating partners,
so queens would be obliged to produce worker offspring
asexually. Social insect colonies greatly benefit from genetic
heterogeneity among workers, which can increases disease
resistance [115,116] and enhance the task allocation system
[117,118]. These benefits may be sufficient to ensure that
males are not lost altogether.

It is interesting to note that two examples of clonal or hemi-
clonal reproduction by males come from species with female
hybridogenesis (Bacillus stick insects and Hypseleotris carp gud-
geons). Males that mate with female hybridogens have zero
fitness as their genome is excluded from the germ line. Clonal
reproduction by males in such a system is strongly favoured—
even more strongly than in a normal sexual population. Thus,
the increased intergenomic conflict generated by unusual sexual
systems such as hybridogenesis may favour the emergence of
additional unusual strategies in the ‘losing” genome.

9. Conclusion

Androgenesis encompasses several forms of male asexuality
that can only persist under rare circumstances. Androgenesis
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Glossary
androgenesis asexual reproduction by males hybridogenesis
gonochorist having separate male and female
sexes
gynandromorphy mosaics of male and female tissue
in one organism
gynogenesis sperm-dependent parthenogen- parthenogenesis

haplo-diploidy

esis; a form of parthenogenesis

where sperm are required to

‘sub-clone’

trigger embryo development
but where the sperm does not

contribute

material to offspring
a form of sex determination where

nuclear

genetic
parthenogenesis)

males develop from haploid,
unfertilized eggs and females
from diploid, fertilized eggs
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a form of asexual reproduction by
hybrid individuals involving
the systematic elimination of
one parental genome from the
germline

reproduction by females in the
absence of males

an asexually produced offspring
that has lost some of the hetero-
zygosities present in its parent

female-producing
parthenogenesis
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